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SECTION I

INTRODUCTION

1.1 The Pitot-Static Probe

The Pitot—static probe Is the most widely used device for

measuring aircraft speed. There are, however , four problems

involved with the use of this probe .

• It does not give accurate measurements at low speeds.

• There is a 1/2—second time lag between the probe and
the transducer.

It requires the use of expensive transducers .

Its analog output must be converted to a dic-ital form .

One port on the Pitot—static probe measures the total i~ ract

pressure of the airflow on the probe and another senses the amt~~ert

static pressure. The difference between these two pressures ~s
lated to the square of the airspeed . However , at low airspeeds
(less than about 50 kts) this pressure difference becomes very

small and is difficult to measure accurately . Accordingly , in
this study we have developed an airspeed sensor based upon a dif—
ferent measurement concept , and which has demonstrated a car~~hiHty

to accurately measure airspeeds at 10 knots or less-.

The long pressure line between the Pitot—~ t’~ti.c probe itself

and the pressure transducer which measures the pressure produces

a lag of about 1/2 second . An instrument which does not produce

this lag would allow the airspeed sensor to follow rapid accelera-

tions of the aircraft or missile on which it was mounted .

In addition , although the Pitot— static tube itself is relatively 
-

•

inexpensive , the pressure transducers associated with ft cai~ he

costly. A less expensive airspeed sensor that could be used on

expendable “remotely piloted vehicles ” would be a significant

improvement .

1
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The Pitot—tube transducer , which has an analog output that

must be converted to a digital format , entails many attendant

problems . It would be more convenient and efficient to have a

sensor output that is compatible with the dipital air data conputer

on board an aircraft .

Accord ingly, G. DuBro and D. Kim* of the A ir Force Dynamics

Laboratory looked at all the available techniques for measurin~1-

airspeed to see if these problems of the Pitot tube could be

overcome . They eventua l ly  invented  a new t echn ique  which  they
have called “The Optical Convolution Velocimeter ’ and for  wh ich
a patent (U.S. Patent No. 3,953,126) has been g,om-ted .

1.2 The Optical Convolution Velocimeter (OCV)

The optical convolution velocimeter developed by DuBro and

Kim + is a noninvas ive  method for measu r ing  a i r c r a f t  speed t h a t

eliminates many of the problems encountered with the Pitot—static

tubes currently used on board aircraft .

An OCV uses a liTht—eTittir ir diode (LED) as its light source.

The output of the LED Is coll imateJ by the lens , and pro jected
through the tu rbu lence  onto a ~r~~t (see ~~ gure 1). The tur~cu—

lence is generated by the wake of an cbject rllaced in the flow . A

mirror  behind the gr o t in p  ret 1~ r r ~~ ~he 1L-~~t throu r~h a lens onto

• a photodiode . As the lirht posses throw-h the turbulence , it is

re f rac ted , and a “shadowgraph” pattern of br ir-ht and dork bards
• is formed on the grat in~- . As the turbulence Is convected with

* D. Kim and G. DuBro , 19714, “The Optical Convolut ion Velocineter ”
presented at the second Pro ject Squ id Workshop , Purdue University ,
Lafaye t t e, Ind iana , March 26-27.

+ Ibid.
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the mean flow , the shadowgraph pa t tern  is convected over the
grat ing.  We can describe the l ight t ransmi t ted  by the grat ing as

f l (x _Y ) G( x ) dx = F( y )

where I ( x — y )  is the shadowgraph pa t te rn  that is convected in time
by distance y,  and 0 ( x )  is the grat ing t r ans fe r  f u n c t i o n . The
funct ion F ( y )  is the convolution of’ the shadowgraph and the grat ing .
By Parseval’s theorem , the spectrum of this convolution is equivalent

to the product of the spectra of 1 (x )  and G ( x ) .  If the spectrum
of G ( x )  is narrow , t~-e spectrum of the convolution func t ion  F ( y )
is narrow , and it will  be sinusoidal with  a f requency equal to
that  at which the turbulence crosses the gra t ing .  Hence , the
velocity can be found by measuring this frequency .

1.3 The Program to Date

In early 1975,  the U . S .  Air Force awarded Bolt Beranek and
Newman the f i r s t  contract to invest igate  the f eas ib i l i t y  of the
OCV as an instrument for measuring low alrspeed .* Under that

contract , BBN examined the sensit ivity of the concept and decided
that heat would have to be injected into the flow to increase the

instrument sens i t iv i ty ;  the natural density variations due to water
vapor and t u rbu lence  did not provide a sufficient signal—to—noise
rat io  wi th  the processor  unit . The modulat ion depth  of the light
source M was computed to be , in air ,

M = a N z l.’4 x l0 ’
TV( x d) ½

where N = wavenumber of the l ight , z 0 = t h i ckness  of the  t u r b u l e n c e ,

* This program was the subjec t  of Technical  Report AFFDL—TR —75— 125
“The Optical Convolut ion  Airspeed Indica tor , ” N. Rudd , November
1975.
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P = powe r per un it length of the heater , T = air tempera ture ,
V = airspeed , d = diameter of heater  and x = distance of sens it ive
volume downstream. The factor c~ describes how wel’ the grating

and turbulence are matched. Typically, a modulat ion dep th of 5
par ts  per mil l ion is produced at a speed of 200 mph.

Various light sources and detectors were considered for the

OCV. The most suitable were found to be an Infrared—emitting

diode light source and a silicon photodiode detector. Optics

with a speed of f/LI were used to collimate the diode outout and

a grating of pitch 2 mm was used. A prototype instrument was

built and tested on a Cessna 172 aircraft ; the unit was flown for

10 hours over a speed range of 50 to 120 mph . Problems were en-

countered because of the poor signal—to—noise ratio of the instru-

ment . The data was obtained utilizing tape record of the OCV

• signal , and sub sequent analysis of the frequenc y content with a
spectrum analyzer , yielded the measured airspeed.

1.4 The C u r r e n t Pro q ram

The purpose of this report is to relate the development of

the OCV during the second stage of the program . The four main

tasks which were undertaken during this stage are described below .

Y’ c~;i~ 1: Def~~nition o.~
’ Wak e Turbulence Sp ectrum

In the first stage of the program , It was thought that one

reason for the relatively weak signal strength was the poor matching

of the optical system to the turbulence shed from the heater .

Accord ing ly ,  measurements  were made on the spatial spectrum of the
turbulence and its convection velocity to determine the optimum

combination of heater diameter and grating pitch.

I
5
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Task 2 :  Improvemen t  in Or i g inal  OCV D e s i gn

Some improvement s were made to the ori gi na l DCV de s ig n , e . g . ,
the speed of the optics was increased. In addition , a new type of

• signal processor , called a “correlation discriminator ,” was developed

to measure the frequency of a signal buried In noise .  Further , a
means of l imi t ing  the heat In the absence of cooling a i r f low was
devised .

Task 3: Ope rat io nal Sui t a b i l i t y  and Desi gn Spec ification

The wide range of environmental conditions in which the DCV

is l ikely  to operate was considered , and solut ions for the potential
problems were suggested. A new design of the DCV was made and the

new unit fabricated.

Tas~< 4: Testing and Evaluation of the OCV II

This second OCV was tested in the BBN wind tunnel to evaluate

its performance for speed , angle of attack , and sideslip.

The performance of these tasks and their results are described

in detail in this report .

I
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SECTION II

THE STRUCTURE OF A TURBULENT WAKE

2.1 Introduction

The structure of turbulent wakes has been the subject  of many
investigations. Although the first measurements of a heated wake

were made by Fage and Falkener ,* the most extensive studies were
+ §

performed by Townsend . Roshko studied the spectra of the tur-

bulence , but was primarily interested in the discrete frequencies

in the wake . In a later paper ,~ Roshko looked at the turbulence

above transition (Reynolds numbers greater than 3 x lO s), as did

Humphreys.** Tritton examined the flow at Reynolds numbers below

* A. Fage and V .M. Falkener , 1935 , “Notes on Experiments on the
Temperature and Velocity in the Wake of a Heated Cylindrical
Obstacle ,” Proceedings of the Royal Society, Vol. l35A , pp.
702—705 .

+ A.A. Townsend , 194 7 ,  “Measurements in the Turbulent Wake of a
Cylinder ,” Proceedings of the Royal Society, Vol. 190A , pp. 551—561.

A.A. Townsend , 194 9 ,  “Momentum and Energy Diffusion in the Tur-
bulent Wake of a Cylinder ,” Proceedings of the Royal Society,
Vol. 197A , pp. l211_l140.

A.A. Townsend , 194 8 , “Local Isotropy in the Turbulent Wake of 
~• - . Cylinder ,” Australian Journal of Scientific Research ) Vol. 1A ,

pp. 161—174.
• -

. A .A. Townsend , 1949, “The Fully Developed Turbulent Wake of a
Circular Cylinder ,” Australian Journal of Scientifi c Research ,
Vol. 2A , pp. 45i_ !468 .

§ Anatol Roshko , 1954 , On the Development of Turbulent Wakes from
Vortex Streets ,” NACA Report 1191.

o Anatol Roshko , 1960, “Experiments on the Flow Past a Cylinder
af. Very High Reynolds Number ,” Journal of Fluid Mechanics )
Tnl. 10, pp. 345—356.

**John S. Humphreys , 1960, “On a Circular Cylinder in a Steady
Wind at Transition Reynolds Number ,” Journal of Fluid Mechanics ,
Vol. 9, pp. 603—612.

E .J . ~~~~~~~~~ 1959 , “Experiments on the Flow Past a Circular
C’:jlirtder ~~t, Low Reynolds Numbers ,” Journal of Fluid Mechanics ,
Vol.  6 r r~. 5~ 7—~ 67.
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200. A very comprehensive study , in which the turbulence spectra

were studied over a wide range of Reynolds numbers and downstream

distances , was more recent ly done by Uberoi and Freymuth.*

Because the results of Townsend , Roshko , and Ubero i and
Freymuth are not always consis tent , we have relied on the data of
Uberoi and Freymuth as it is the most comprehensive and the most
recent.

2.2 Se l f  P re se rv i n g F l o w

When one is far enough downstream from the cyl inder , the
turbulent  f low is Independent of the in i t ia l  f low condi t ions  and
can be scaled in a general ized manner. Townsend + showed that  in
the two—dimensional  wake behind a long cyl inder , the veloci ty
defect  u 0 in the center of the wake scaled to the free stream

velocity U as

• 
~~~~ . + .043 (x)

½

u0 
~~

- for large ~~
.

where x is the downstream distance and d is the cylinder diameter .

This appears to hold for x/d > 50. Similarly , the turbulence
velocity u, the turbulence scale L, and the temperature fluctuations

0 scale as

* Mahirider S. iJberoi and Peter Freymuth , 1969, “Spectra of Wakes
Behind Circular Cyl inders ,” The Physics of Fluids , Vol . 12,
pp. 1359—1 363 .

+ A.A. Townsend , 1976 , The Structure or Turbulent-Shear Plow

• (2nd edition ) Cambridge University Press , Cambridge , England.
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u2 d

L2
~~~~xd

0
2 d

where Ta is the ambient temperature . Thus, as one goes downstream

from the cylinder , the turbulence level decreases and its scale

increases. On the centerline of the wake , the value of

= 0.1
u0

2

according to Uberoi and Freyrnuth.* In addition , the turbulence

• spatial spectrum E
~~

(k )  of u 2 is a function of L = (xdY ~ and is

given by

E (k )  1U 
= fEk(xd)2]

1-
U2(xd)2

This spectrum is f la t  up to a value of kL = 6 and after that

decreases quite rapidly. Further, the level of the spectrum is

fairly well Independent of Reynolds number for kL < 6 but varies

quite considerably with Reynolds number for kL > 6. At low
Reynolds  numbers there is very l i t t le  high f requency energy

* Ubero l and Freymuth , o p . c i t.
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because of the destructIon of the small eddies by viscosity. The

spec~ ra measured by Uberoi and Freymuth* are shown in Fh”uro 2.

Therefore , substituting for U2

E
~~

(k )  = .1 U2 d(d/x Y~ f[k(xdY2]

In trying to maximize this quantity, so as to m a x i m i z e  instru -
ment sensit ivity, the quantity U2 (the free stream veloc ity) is

f ixed , k is given the value of 7 8. 5 ’ in.  ( 1 2 .5  line pa i rs  per

i n c h) ,  and x is determined by the geometry of the ins t rument  at

.875 inches .  Thus , only d can be varied. The value of E
~~

( k )  Is
then proportional to d h ’2 and a spectra l  dens i ty  term f [k ( x d ) ½] .

The veloci ty  distribution across the wake is given approx i-
mately by~

u = u 0 ~
_l6y 2 /xd

where y is the lateral position in the wake. The drag per unit

• length of the cylinder F is equal to the momemtum defect across

the wake

F = f  pU u o e
_ 16Y 2/

~~ dy

- ~~~~~ p U u  1/xd- --n-

- J~ pU 2d, or a drag c o e f f i c i e n t  of 0 . 89 .- --
Ii

* Uberoi and Freymuth , op.cit.

+ A.A. Townsend , op.c it.
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Similar ly, the temperature  d i s t r i b u t i o n  across the wake is given by

T — Ta 
= (T0 

— Ta) e
_ 1

~~
?7 2 h1’)~~

Note that  the temperature d i s t r ibu t ion  is wider than the velocity
distribution . The heat flux per unit length P is equal to the

integral of the temperature distribution .

P = f  C~ U ( T Q 
— Ta

) e_10Y
2/Xd 

dy

= /ff/lO C~ U ( T 0 - Ta ) 
~~~~~

Hence ,
C T-TP 14 o a

F p U0

1—  \ ½( 6~~ , by analogy .

\ u 2 /
The spectrum of the temperature f l uc tua t i ons  is then given by

E 0 (k )  = 
0 E

~~
(k )  = . 1  U 2 d (d/x)½ f[ k(x d ) ½ J

u 2

and , for a given heat input , is proportional to d~
’2 and f [ k ( x d Y ~] .

Since f [k ( x d ) ½] fal l s  rapidly for  large k ( x d ) ½ , large values of

this latter parameter need not be considered .

4
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Table 1 compares the tu rbulence  spectral  levels for five
different wire sizes for a spatial wavenumber of 78.5 1 in. and
a distance of .875 in. behind the wire. For the three smallest

wires there is little change in spectral level with Reynolds
number; however , for the larger wires there is a significant

decrease at lower Reynolds numbers and accordingly, the spectral

levels have been computed for both ends of the speed range .

Generally, the spectral levels increase with wire diameter , even
though the nondimensional spectrum Eu/u

2 i5~ decreases with wire

diameter , because the spectrum of larger wires is spread over

fewer wavenumbers and because the turbulence level is higher ,
being relatively closer to the wire. On the other hand , the
velocity defect increases as the wire diameter increases (see
Figure 3 ) .

2 . 3  T u r b u l e n c e  Spec t r a

As part of this program , measurements were made of the tur-

bulence spectra in the wake behind a cylinder. Rods of 1/LI-in.

and 1/8-in, diameter were set up in the BEN low speed wind tunnel

which was run at speeds between 6 and 45 mph. The turbulence

was measured with a DISA hot wire anemometer.

The data presented in Figures LI through 6 cover distances

from 2 to 6~4 diameters downstream and Reynolds numbers from 550 to
9,500. The horizontal axis is the Strouhal number and the vertical

axis is the spectral density divided by u2d , ~.here u
2 Is the mean

square turbulent velocity and d is the diameter of the cylinder .

At a downstream dis tance  of x = 2 , there is a 10—dB spread in the

data , but it collapses much better farther downstream for Strouhal

numbers less than 0.2. Discrete vortex shedding is not visible

more than about 16 diameters downstream . The spectra are typically

‘IL
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flat , out to a Strouhal number of 0.1 to 0.2, and then fall off

as approximately the Inverse fourth (-11/3 theoretically) power

of the Strouhal number. The broadband spectrum at x = LI is about

one octave higher in frequency than that at x = 32 or 6~4 .

The dot ted  l ines  in Fi~~ ur 1 s 5 and 6 arl : t h e  ~p e c t r a  com~ u t e d

fro m the paper by Uberol and Freymuth* and are shown for comparison

purposes.

2.4 Convection Velocity

The eddies in the turbulent wake are convected at a speed

which Is a l i t t l e  less than  the  f ree  stream velocity. This con-

vect ion velocity was measured by mounting two hot wire anemometers

in the wake behind a 1/LI—in , cylinder and then cross—correlatInp-

their outputs. The delay in the peak of the cross—correlation

• funct ion c
~ives the convection time of the eddies from one hot

wire  to the other. The convection velocity can he obtained by

measuring the spac ing of the wires.

The convec tion velocity as a function of distance downstream

from the rod Is shown In Figure 7. Close to the rod , the convectJ r~~

v e loc i t y  is s i- -n i f i c a n t l y  below the free stream velocity, but
• farther downstream it is very close to free stream velocity.

Beyond about 35 diameters , the convect ion velocity is within 3°~
of the free stream veloc ity.

~

* Uberol and Freymuth , op .cit.
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S E C T I O N  I I I

I M P R O V E M E N T  IN THE OCV D E S I G N

Although the first prototype OCV which had been fabricated
during the first contract , performed well , Its signal—to—noise
ratio was Insufficient to measure the frequency by a counter;
It could only be measured b~ a spectrum analyzer. In addition ,
at low airspeeds the heater became very hot and even glowed.
Accordingly , a program was undertaken to improve the OCV design
and remedy these factors, with the following objectives.

Improve the signal—to—noise ratio of the instrument .

. Design a signal processing system.

Provide heater protection .

The s ignif icant  progress made in these areas is described
in this section.

• 3.1 Improvem ent in Signal-to-Noise Ratio

• A number of alterations to the optical system were considered
in our e f fo r t s  to increase the signal from the instrument . The
changes considered included increasing the LED output and photodiode
sensitivity, increasing the number of LED’s, considering alternative

• 
light sources, and improving the optical efficiency.

3 . 1 . 1  Increased LED output and photod iode s e n s i t i v i t y

There are currently three LED’s of similar performance which
are suitable for this  applicat ion; the Texas Inst ruments  TIL 31

• or 3LI , the RCA SG1009A , and the GE SSL 55C . They generally have
a minimum output of 5 mwatt at 100 ma drive current (wi th  less
from the TIL 3LI). The (IE device can be overdriven to 300 ma for
an output of lLI mwatt , providing that a heat sink is attached to

I
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the case. However , all devices must be derated If they are to be

used at 125°C. The SO lOO9A and TIL 3LI can be driven at 50 ma and

the SSL 55C at 0 ma at 125°C, and the TIL 31 cannot be used above

80°C. Therefore , the output of the LED can only be increased at

the expense of its top operating temperature .

The original photodiode had a sensitiv ity of .35 amp/watt.

However , a number of manufacturers have increased this to .6 amp/
• watt by applying an antireflection coating to the silicon photo-

detector. A further improvement In sensitivity of the instrument

can be achieved by employing a high impedance amplifier . In fact ,

a suitable photodiode—preamplifier combination is available from

Bell and Howell and is being used for this instrument .

3 . 1 . 2  I n c r e a s e d  n u m b e r  of LEDs

Since the power output from an LED is limited , the only way

to obtain more light output is to use multiple LEDs . An arrange-

ment similar to the dual detector OCV , only using two LEDs and

one photodetector , is one possibility. However , because the

velocity signal would have opposite phase from the two LEDs, when

added by the photodiode they would cancel each other. In addition ,

the system would have similar difficulties of alignment as the

dual detector OCV .

Another arrangement would be to have two light emitting

diodes and two photo—diodes lie at the corners of a square.

Each photo—d iode would then receive the light from one of the

LED ’s. The outputs of the two photo—d iodes would be summed and

we would have a 3 dB improvement in the signal—to--noise ratio
over a single LED/photo—diode pair. There would not be any in—
crease in power consumption if the LED ’s were connected in series.

H
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Fi gure 8. MULTIPLE LED VELOCI METER.
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A completely different type of optical system would consist

of a line of LED ’s and photodetectors along either side of the

flow channel. ThIs system is illustrated in Figure 8. Strings

of LED ’s and photo—transistors are available on 0.1 inch centers

for • paper tape readers (for example TIL 133). 
All the LED ’s would

be connected in series arid driven at the same current . The output
• of all the photo—transistors would also be added. The frequency

output , f, for a velocity v is now given by

f = v / d

where d is the LED arid photo—transistor spacing (0.1 inch). If

there are n detectors the signal strength will be increased by

a factor of n over that of one detector.

The opt ical efficiency of this system is much lower than the

ones proposed above . Since the LED ’s are smaller, their beamw idth

is much larger and less light is collected by the phototransistor .

Further , since the collecting lens for the photo—transistor is

very small , much less light is collected than with the single

large collimating lens. It is estimated that the signal strength

will be only one tenth that of the single LED/photo—diode system

with a collimating lens .

This system may have value , however , when an extremely corn—
pact system is required and signal strength is not a problem .

3. 1 .3 A l t e r n a t i v e  l i g h t  sources

Alternative light sources such as tungsten lamps, quartz

halogen lamps, and low and high pressure mercury arc lamps are

discussed in the appendix. Small tungsten lamps have a c’ignal

strength close to LEDs but have a larger source size , a shorter

life , and are bulkier.
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3.1.4 Improved optical efficiency

A significant improvement in optical efficiency was made in

the OCV design by (1) shortening the focal length of the collioati~~
lens to collect more light from the LED , and (2) reducing the stray

light to reduce the shot noise on the LED .

Figure 9 shows the directivity of the three LED ’s considered .

They range from 5~ to 100 half—an~ 1es. Also shown is the percen-

tage of output light collected by various cone angles for the

SC 1009A LED . In the previous design , the collimating lens had

a focal length of 132 mm for a cone half—angle of 6.9°. The new
lens has a focal length of 82 mm for a cone half—angle of 110.
This increases the percentage of light collected from 19% to 33f •

I.

Only the central parts of the lens and mirror are covered
by the turbulent wake . The light which passes through the edge
regions is still returned to the photodiode and there it contri-

butes to the shot noise which is the main source of noise in the
detector. Accordingly , the original circular reflective gratino

(32 mm diameter) was changed to a rectangular grating (12 x 32 mm ) ,
which produced an approximate 3—dB reduction in shot noise in the

detector -

Together , these two optical modifications , of a faster lens
and masking out the unused portions , give a 5 .LI dB improvement

in signal—to—noise ratio for the OCV , with no resultant penalt y .

3.2 Signal Processing: The correlation Discrimin ator

3.2.1 Introduction

• Even with the improvements described in the previous sections ,
the signal—to—noise ratio of the OCV was still poor , ranging f r o m
+10 dB to —10 dB. In addition , t he  signal f r equenc y can ran ge over
at least a 30:1 range. On the original instrument , a spectrum
ana lyze r  w~is used to meas1~~~e the meak of the signal spectrum li. the

I
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presence of noise. However , this was slow , expens ive , and not

automat ic. Therefore , an alternat ive method of signal processing

wao needed.

A counter was first considered as a way to measure the signal

frequency. The count N for a signal frequency f, in the presence

of noise of bandwidth bf (b � 1), arid a signal—to—noise ratio, P,

is given by *

N f p+b 2 / 3 \ ½

~~ p+l I
or for small errors in the count N

AN b 2/3—l

2 ( p+l)

Thus, for a frequency range of 30:1 and for a 1% accuracy a signal!

noise of 15 dB is required at the top frequency and a ~42 dB signal/

noise at the lowest frequency . The OCV does not have this high

signal—to—noise ratio and , therefore , such accuracy is not achiev-

able with a counter.

A phase—locked loop , which is often proposed as optimal tech-

nique for frequency measurement , is not suitable for the present

applicat ion . This is because in order to capture a signal over

a 30:1 frequency range , its bandwidth must be made so large that

it cannot lock on to the weak signal that the OCV produces.

Accordingly , a new signal processor has been developed and

is referred to as the “Correlat ion Discriminator. ” Its purpose

is the detection of a sinusoidal signal in the presence of white

noise with a signal—to—noise ratio > 0 dB. The technique is based

on automat ically measuring the first zero crossing of the auto—

correlation function of the combined signal and noise. This method
S

*J.S. Bendat , 1958, Princi pals and Applicatio ns of Random Noise
Theo ry, John Wiley and Sons , New York .

I
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makes use of the fact that the autocorrelation function of white

noise is a spike centered at zero time delay and that , therefore ,

it does not distort the correlation function of the signal at other

time delays (see Figure 10). We compute the auto—correlation func-

tion of the signal at a time delay long enough for the noise to be

uncorrelated , but short enough for the signal to be correlated .

3 .2 .2 Pr i n c i p l e  of the correlation discriminator

The correlation discriminator computes the autocorrelation

function of the clipped input signal at a single time T by de-

laying the signal in time (by means of a shift register) and

then multiply ing it by the undelayed signal. The output of the

multiplier is averaged and used to drive a voltage controlled

oscillator (VCO). This VCO is used in turn to clock the shift

register and hence , forms a feedback loop . If the VCO is too

high , the autocorrelation function will be computed at T
1
. The

value will be positive and thus the integrator output is arranged

to decrease the VCO frequency. If the VCO frequency is too low ,

the autocorrelation function will be computed at 1
2 
and will be

negative . This time the integrator will increase the VCO fre—

quency until a value of 1
5 

is then 1/LI of the period of the
incoming sine wave .

Figure 11 shows a schemat ic  of the circuit required to per-

form the above function . The input signal passes through a pre—

amplifier whose primary purpose is to “whiten ” the spectrum of the
noise. If the noise has a significant low frequency content , or
Is “pink” , it will lengthen the autocorrelation function of the

noise and distort the sinusoidal correlation function . Accord-

ingly , the preamplifier attenuates the low frequency noise until

Its spectral components are equal to the high frequency noise.

S
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FIGURE 10. CORRELATI ON FUNCTION OF A SINE WAVE PLUS NOISE
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SHIFT REGISTER

_ _ _ _ _ _  _ _ _ _ _ _ _  
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FIGURE 11 .  SCHEMATIC  OF C I R C U I T
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Too mu1 h attenuation , lI cw r L v~ r. , cart c-ausi tb au oco~-r’ la~ Sri

func~ on of  t h ~ no i se  to  go r~c~-s t iv e , n r a c o  o r ’  duce as sev e re
as •:ould ~~ expeni n: ’ • • ; h  10 0  l i t t l e  aY c u a t i a r i .  A

: I i a ’ u c H o  t e c ~~~ ~ ~ optinlal .

The n e x t  s~~r c u i t  e l ement  is  a l i m i t e r  w h i c h  ci  i n s  the  s i rr n a l

and , i n  e f f - -~ t , a nrc -~~r i t  d i  r i  t i z e r .  This  g r e at l y  irr r . roves  the

ease of m u l t i s l 1 ca t ,~~on and the  levels of c o n f i d e n c e  of t h e  au to—
c o rr e J at  a . f t n ct  so. It does t h i s  at t he  exoense  of d er r a d in r

the  s ’nal—t o— a’i se rat - -
~•~ by a f a c t o r  or 1/LI or 1 dB.

oh s i g na l  n e x t  passes  in to  a va r i ab l e  de l ay l ine
x 1 1 ~ h compr i ses a 1~_ b i t , s e r ia l — i n , p a r a l l e l — o u t , s h i f t  regi  s ter

005tro l l I by a v a r - ~~ a n le  c l o c k .  The f i r s t  and t h i r d  o u t p u t s
f r o m  t h e  sh i f t  r eg is t e r  are mu~~tr p 1 ie d  t o g e t h e r  by an E x c l u s i v e —
O~I ( E X O R )  c-at e  wniah p e r f o r m s  as a o n e — b i t  m u l ti r l i e r .  The o u t p s ’-

of  t h e  gate is then  i n t e g r a t e d  by an ana log  i n t e g r a t o r  w i t h  a
pr eset  tto :-e c o nst a n t  of ab out 1/10 second .  The i n te gr a t o r  has
a vo l t age  gain of about 100 in order  to  m i n i m i z e  the error  in

sen s i n~ t he  zero cross ing of the  a u t o c o r r ela t i o n  f u n c t i o n .  The
output of t h e  ir Lt egr a t o r  i s  used to con t ro l  a VCO w h i c h  in t u r n

is the  clock  for  t h e  m i  ft r e g i s t e r .

The last three caro n n i o n t s  ( t h e  m u l t i p l i e r  or EXOR gate , the
o tegr a t o r , and t h e  V C O )  are the  basic componen t s  of a phase—

• locked loop and are ava i l ab le  as one i n t e g r a t e d  c i r c u i t .  However ,
a p h a s e — l o c k e d  loop does not employ a shift r e g i st e r , and mul t i -
p l i e s  the s ign a l  and v~ O t o g e t h e r  d i r e c t l y .

~wo o u tp u t s  are a v a i lab l e  f rom t h i s  c ir c u i t : a d ig it a l  out-
put  from t h e  7ff  wh ich runs at 8 t i m e s  t h e  i n pu t  f r e iu e n c y ,  cm

an analog output from the integrator.

S
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When the circuit is first switched on , the re w ill be no
• sinusoidal signal present , only noise. In this case , the c ircu it

will lock on to the zero crossing of the noise autocorrelation

• funct ion which will cause the VCO to be driven to its hiqhest

fr1~’quency ; hence , this loss of’ signal can be diagnosed. An

alternat ive condition is loss of both signal and noise from the

input . Then the output s of the shift register will always have

the same level , independent of frequency, and the VCO will be
i -i v on to its lowest frequency which will also diagnose this

: on d i t H -n .

3 .2.3 Theory of the signal a n a l y s i s  t e c h n i q u e

Lo t us consider a sinusoidal signal in the presence of noise

w ith a gow~ r sp ec trum of the form

N 
+ s ~ ( w — )

1 + (~~,/~~~) 2

where w and w~, are the bandwidth of the noise and the frequency

of the s ignal , respect ively . The autocorrelation of the signal
is then

N exp(—W T) + S cos(w~ ’r)

We shall now seek the first zero crossing of cos (w 5’r). However ,

in pract ice , we will measure the zero crossing of the above cor—

relat ion funct ion. The error is then

A T  2 N
-:~:- 

“ 

~ ~~
- eXP (_ ’ffw

n/2w )
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Thus , for

• 

• 

1%

= ~~ + 2 . 5L1 L1
I

5

There fore , for a signal—to—noise ratio of 0 dB , the noise bandwidth
mast be at least 2 .6LILI times the signal frequency .

It should be noted that this theory is dependen t on the noise

being “white.” If the noise has a large low frequency component ,

or is “pink” , the tail of the correlation function will be increased

and the accuracy of the system will be degraded. Therefore , the
noise should be prewhitened by attenuating low frequency components

before they enter the analyzer.

The sampling rate of the incoming signal is equal to the

frequency of the VCO . This frequency f is 14n w5
/2’rr , where n is

the number of delays employed in the shift register. According

to the Shannon sampling theorem , this s ampling rate must be
greater than twice the highest frequency to be sampled , wh ich i s
the noise bandwidth of 2 .6LILI times the highest signal f e e n u e r i c y

• w5/2 . There fore ,

f = ~~ > 5.288 w 5/2rr

The smallest integral value of n which satisfies this is n = 2 ,

t h u s , at least two delays must be used in the shift rlcgisaer;

more delays will produce a somewhat higher accuracy ai t h e  expense

of a higher oscillator frequency. With n = 2, the osc illator

frequency is 8 times the highest signal frequency.
S
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t~~~ ‘s rp 1 ’lat~ on Discr~ rninator

A r t soher  of t e s t s  h a v e  been performed on the correlat Ito

ii sc r Ini n ’i~ i ’ ’  nd t ~~ r results are summar ized  in E i o a :r ”~s 12 ,

‘, 0•~~ •

• 

In i”~ s-are 12 , the ‘tt solute error of the correlat ion discrimi-

natsi’ is plotted a Vt t’ a frecuency range of 1.2 to 100 kHz. rT :~iC

sicnla ]— ° n— no ise ratio was +10 dB. The maximum error is +0.3%

with ~ mean error of +0.2% , which is a very impressive accuracy .

For corm ar i son , the  t h e o r e t i c a l  error  of a z e r o — c r o s s i n g  c o u n t e r
is ceropared with the correlation discriminator for the same

signal—to—noise ratio. Except at a frequency of’ l//~
’ of t h e

noise bandwidth (the count due to noise alone , thus no error )

the counter has a very poor accuracy . (fee Figuro 13.)

Figure 114 compares the fluctuations of the correlation

• discriminator and those theoretically expected for a counter.

The count is for 12,500 cycles  of t h e  signal frequency. The
correlation discrimInator is substantially steadier than the

counter primarily becaus e of the extra integration in the cir—

cuit. At 0—dB signal—to—noise , there is only 0.3% fluctuation

and at +20 dB signal—to—noise only a 0.001% fluctuation .

The circuit handles input signals from 1 mV to 5 V , arid

frequencies from 1.2 kHz to 100 kHz , without any adjustement .

In fact , the only adjustment is the comparator offset and this

is not necessary for signals of more than 10 mV.

3.3 Heater Protection Circuit

The heater on the original instrument consisted of a length

of Nichrome wire through which a steady current was passed. The

314
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FIGURE 13. ACCURACY OF THE C O R R E L A T I O N  DI SC R I M I N A T O R  C O M P A R E D
W I T H  A C O U N T E R .
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~.~a’r disc 1 1 0 1 ft- -sm he t i r e  w a s  irid -l :eride nt of the a i r f l o w
ov--r it. Am a ‘ ncc 4 ic’nc , 1 w i re  became very hot and even

•d -~~~i a 1 W  or set’ • -1 n s i U ,n i  . This high temperature t ended

to r- ’-rlact ’. H life of the boa 4 em arid presented a fimn r i  sk .

•-\ e ’c i - d i i i g iy ,  an e : t ’ t i c  c i t c t i t  i~as developed which limits the
r rn -~isuio tempei’atur’e to which the heater can rise in the absence

u r  cool ag  ‘ ~~~~~ o w .

L i c i r r - L- she , an al Hg of’ mickel and ahr’on ium , has a very

snail terrperatur ’: coe fficient of only 100 pprn/°C for its d cc—
tri-c:J resistu~ c s . Thus , a 1,00rf temperature rise will give

only a lop increase in electrJcal resistance. On the other

naru~, all t une meta ls  have an e l e c tr ic a l  r e s i s t ance  wh ich  is
directly proport i onal to their absolut e temperature . A change

in ‘ mperature fr om 0°C to 1,000°C give s a 14 .7 fold increase in

elcctri cal i’c sitstcrtce. Platinum wires can withstand this temper- c—

• tare -:ithout any degradation. Consequently, if the heater is
dr iven fm -a a con~ i: an~ v o l t a g e  source , as t h e  t e m p e r a t u r e  of the
h ea t er  r ises , th e  cur’r’enr m l  11 f a l l  because  of the  increase  in
electr i cal rem i s tan c e  - P ence , the powe r d i s s i p a t i o n  is reduced
as be wire tec - uem hotter , wnen there is no flow .

s or-o :,nt. of pootecti tn , howeve r , can be inadequat e s ince
o rh wire temn--~rotures can s-till be reached; therefore , a heater’

control ci rL -:i t - reor ; dev i sed tc~ limit the heater temperature to

a ~~~I Setosaioed value . A platinum wi re is still used for the

heater’ , but i t s  e l e c t ri c a l  r e s i s t a n c e  is sensed in a bridge

cr r’ ;a t (Figun- 5) by an FET or-erational amp li fier (°h 3031)
o ar  i s  used to drive a power transistor (2N 30214 ) which controls

• ‘ he rurrerAt through he hr~a t e r.  If the heater gets too hot ,
the aurr ’est , t h r o ugh  if-  is r’~duced. An FET amplifier is used

because it oper’a ’;es when its inputs are close to the ground

4
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( - ~r~~ . o e ’u r m - r r  low a i r f l o w  when very l i t t l e  cur ren t  is f l o w i n g

‘ h i- - a m b  i b e  h - - i c r ) .  The h e a ter  t empera tu re  is p r e d e t e r m i n e d  by

t h y  i’e~~1~~t o n - - - r’:-it io  in the  b r id g e . An overheat  r a t i o  of 2 . 5

•~as ‘hos t ;  a i n c r e a s e  the  hea ter  r e s i s t ance  2 . 5  t i m e s ;  t h i s  is

t ’ t u m v a a e r i ’ to a temperature of 800°F.  At t h i s  t empera tu re ,

~t m um ’s i-  s i s tiv i t y  is 25% that of Nichrome ’s and , the re for e ,
-
~ ~~-nt ’ s : r ’o  11 t imes longe r , or one having half the diameter

l.~ ‘~~~:‘ 1 : C w r’e , is required. A 6—in, length of 2 mil diameter

~~~o r i i r1 s c  w i r’e , with a cold resistance of 6 ohms , was chosen.

lihl s heater’ control circuit was incorporated with the power

:‘~~~ila tor’ f-or the photodiode and LED supply. The heater output

is it em sorstani ially reduced at low airspeeds and there is no

r’ist of she heater ’s burning out .

3 .3.1 Heat transfer to the flow

el ectrical input to the heater is d i s s ipa ted  in the  hot

w ak e  w h i c h  i s  used to “ mark”  the a i r f l o w .  In Sec.  2 , it was

sb --m n that the mean square temperature fluctuation 0 2 is related
no t tte mean sc;rrar e velocity fluctuation u2 by

p

k~~~
) FL’

mL-r’e P is the heat input to the wire per unit length , and F is U

t h e  n ra, - p:r un i t  l eng th .  Now for  a f u l l y  t u r b u l e n t  wake at a

d i s t a n c e  x b e h i n d  a cy l i nde r  of d i ame te r  d

0.1 U2 ~~
- ,
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where U is the freestrear’i velocity. Thus , fur’ a f2T l :1 ~ r~ ”. ’~~~~ - t  - 1

t u r b u l e n t  wake

— n -n p  1.
1 ‘~~~~ - d

( 0 2 ) 0 = l/2 p ~~~~UC~ ~~~

nrver most of the range of interest 0D 1, p = 1 .2  ~‘ i/m ~~, t u d

= 1.0 ,Hule/m 3/°k. 

P ½
(~~~2 ) ~~ = 0 . 5  ~ (~-)

Cy n i c a l l y ,  w i t h  x/d = 30 , P = 100 w a t t / r n , and U = 100 rn/sec

( 0 2 ) ½ 0 .1°C

o lds t e in* d i scusses  the  r e s u l t s  of heat  transfer by

c ;r rvection from a circular cylinder. His discussion i S  i t ~e~~’fl S

of  t he  N u s s elt  number  wh ich  is d e f i n e d  by

PN U = ~~~ATk ‘

where K is the thermal  c o n d u c t i v i t y  of the f l u i d .  Pow ,

= I P

\ P dUC~~AT/ \ p / \ k

= St Re Pr

*S~ Go lds t e in  ( e d . ) ,  1965, Modern Developments m~-r P?ur ~d Pg i-ozr i ’s ,
Dover Pub lications Inc., New York.
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Pe is t h e Heyr , -1d~ r r m r - r ’  ‘ ~r 
is the J m a i dt - l ar -b - -i- , and

p the ( I t  ar Ic  -r m o o s  i ty . The Nusselt number varies W i  th

P O V t I C i  -OS i ; ; :  - i ’  ace er’ei ’i r ~ ’ to

— -
= - he

n’h-~re C is a c o s t - a n t  ~ a-i the i t dex n V :a’i  em with Reynolds number’,

or

= C Re0~ l p~~r

s r ’eiat lort h am been  found  to  h old we L~ for  v a s es  where  the

~ i’O~ ;j t l  r;urrlfl er’ Fs close  to u n i t y . ( lt  is 0. 7 14 for a i r  at room
n - c m p - o r a t u r ’ e .  ) The r e s u l t s  of an i t v e s t h ~at ioc t  by H i i l ers * are
s h o r n  in F’ mare 1’ . TH ; ~n . U r t ~~. - t i o n  m~ns  ~- - r r ’ f - : : r o n - i  fur a
cy1inue~’ at- 100° C ove r a Reynolds number  r a n g e  from uni ty t o
2 . -; ~ 1O~~.

O rer tne Re:-jnolds number- range c-F 2 50 to  10 , 000 wh ich  cor-
responds ‘. o the ape -

~~~~~ I c  range of  t~~e U i ’ neater’,

in = C.5 Re 2

or f t  = 0 . 67 5  Re~~ fo r  air’

A~~n t h e r ’  form of th -i s behavior is the well knomn Kin -- ’ s Law for
the hot wire anemometer where the re -act ’ -m i s s i r a t i o n  fret: t h e

w I r e  is p r o p o r t i o n a l  to  the  square  root  of the air’ veloc ity.

~l-1~ inert , 1033 , Pr : r ’ s h  . m i—mr s 4, and 1932 ‘-i~’r . D e u t - e c h  T r i g .
Fo r’mhar;r’r-hef ’t. , ~ncted in S. Crrldst ein , ib id .
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FIGURE 16.  HEAT T RANSFER FROM A C I RCU LAR C Y L I N D E R .
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Ch- ’ m~~crtaii of ~he OCV is d i i e - ’ O i j  ru; r 0 i - r - :l to  the i-n .-

~~e : o  e- t’~~~~ir ’ i ’  ‘~ u ’t li ~ ion in the heai el woke , h um , If ri ’-
‘he p w er  i i  - si ~ a n I o n  c-rnm t - anr , as me do - it  h u r t  speeds , the 

: ii  m’  r e f l~O 1 ; -; given by

‘c c l  s P,~U

How e’ .r - r  • ~; 1 - - a  op-cods , t he- b ear - - r a t  a’~r r of t~~:’ heater’  is held
c o i l s  t-ant F y t S p r r : -t e et  ion r’ r ’cu I . T h e n

~ ~T
/U2

wh er e  IT is the teni’eratur’e rIse of the hea ’ - -r. his changeover

occur’s an a Revr-olds nur H’r of 30 fur 100 “Ja ’tm/rn r 400 fr-i ’
1 ,000 -,nrtto/m .

3 . 4  Speed of R e s p o n s e  of the O CV

h - c  sn ’~ed - F re sponse  of the CCV is d c t n ’ i - : : i n e - -i by the  rate
at r~C 

‘oh the  out pu t~ of the  integ ra t~~r can follow chances to its

The ~ Ir e ‘- -instant- of the integrator is -ie ’ ernine-d by the

f e e - u - -oc R “ c r - -r n’ or ’ an d t h e  inpu t  imp e d a n c e .  It has been f o un d

thi-it - Ct l i t - cons ’. cat must be be tween  20 and 100 titc -’s the

ncr ’ (‘1 u th e l-:- ;-~es’ frerjuency to he t rack-sd ; otherwise  the
j i t se r  mill c-i ts ’  t h e  c i r c u i t  to  loose lock .  The exac t  value
d c r e t i d s  a l it t l e - r n  t h e  am p l i tu d e  of the  input  s ignal . The

value of the i i i ’ e - -’ra tor  cons t ant  m o m  chosen  to t r a c k  a weak
a st nn~~ down to 1 kP z . This gave a t : :c e  cons tan t  of 100 m s e c .

H’:;-w~ v’:’ ~~~, n’ we -crc nrena r’ed to  t r a c k  on ly  m t r o n ~~er s i g n a l s  down
to 2.5 ~r0c (10 sirs) then we may reduce the time constant to

10 mmc c .

Thus, the si c—ed of response of the 0CC is de te rmined  by the

lowest; veloc iI:y to be tracked , and a value of 100 rnsec has been

‘rhn s~-n in b - in current desirn .
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S E C T I O N  I V

ENVIRONMENTAL CONSIDERATIONS

To be a practical instrument , tb -c OCV must be opet’aticraI

in a wide range of environmental cu~ ditions. It must be able 1-0

withstand temperature extremes , high altitudes , rain , v ibra ti o n ,

and icing conditions. In addition , it must be corros ion I i - —

s i s t a n t . This s ec t i on  wi l l  d i s cus s  these environmental f’actor’r:

and desc r ibe  t h o s e  wh ich  may p resent  any p a r t i c u l a r  p r o b l e m .

Specia l  cons ide ra t ion  wi l l  be given to  ope ra t i on  in ra in , n b c

e f f e c ts  of fog  and dust , and the p r a c t i c a l i t y  of de icing  and

ant i—icing.

4 . 1  Low Pressure (0 to 48,000 ft)

Low pressures do not cause any s p e cia l  p rob i er s a- th  tb -c
operation of the OCV. In fact , it has been shown in the u revious

s tudy * that the sensitivity increases as the pressure decr eases.

The only p o t e n t i a l  p rob lem is with the e l e c t r o n i c s .  i~h ’-n  the-

sensor returns to ground level , mo ir-t air can en ’er the e t i c s

chamber , which may produce condensation, if’ ih e sensor cooled .

Condensa t i on  may degrade the  o p t i c a l  prrrert er of ‘;h c- sI .’ m t er n ;  -or’

produce electrical short circuits. Thi5 c - i  lea stay b a- - n - v e t -

us ing “0” r ing  seals to make the  sensor-  head  ~- r r - s s : t r - e — l  r o o f .
The lens may be bonded in t o  i t s  m ou n t  W i t h  er oxy , or I a r r e s m ~~r ’c—
proof connector must be u s e d .  The sen sor  bc- d y n’ r:e m id  he ‘C l I ed

— 
with dry nitrogen and some silica gel tn keep it r;.

At high altitudes , where the den si t y  of the :i~ r is lower ,
the cooling capacity of air decreases. In i d i ’  ~or., tL-~ ehec’ i-i c

breakdown f i e ld  grad ien t  is reduced and cornna dischar~T-e is sore

likely. However , neither of these factors affect the OCT.

*M, Rudd ( 1 9 7 5) .  “The O p t i c a l  Convolu ~~i o n  Airstuce -~ i n l i c o ’  - - i -
,
”

Techn ica l  Repor t  A F F D L — T R — 7 5 — l 2 5 ,  A ir  Force W r i c h t  Ae i ’; :,na ur  ~cal
Laborator ies , Wright—Patterson Air Force Base.
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4 .2 V i b r a t i o n

The (0f7 is somr’wliat sensi ir lye t-o vibral. ion . Vi brat i c- n of

he sri ru-~ r’/n’rat i no can cause t ie - return iman-e of the LED to move

t b c- nil -. on the photord i -ol e , i-Cr ch will generate an output s-i gnal.

i F the mi rr ’n r is mounf e l  i cr-nfl ly, r hi s signal wifl be
small. fir c - 1fl t ic -n , vibrations t end to occur at lower frequencies

han 4 hos-~ employed by the OC T .  T v - i  cal vibration levels are

5g over a f’r-cquency r—r ngr- of’ 52 to 2000 Hz. The MIL—STD—8lOC

curve s are m h o w r r  in Ph-ares 17 a r i d  i 8 .

Elec tr i o ai 1-robienis may ariae from vibrating wires or other

electrical ycs r nrrent s, hut these can be controlled by convent iona l
I ni techniques.

4 . 3  A c o u s t i ca l  No i se

A c o u s t i c - a l  no i se  can g ive  r i se  t o  the same sort of problems
rs vibrat Ion. Gene rally, toe  d i s p l a c e m e n t s  are smal ler  and the
‘C- - q u e n ci e s  are h igh e r .  Aga in , a s u b s t a n t i a l  mi r ro r  mount w i l l
solve these problems . Overall test levels should be (according

to i-~I I - - : T I - _ 3 l 0 C )  160 dB for the sensor head and 1140 dB for the

power suoply and processor . The spectrum is shown in Fi~~ur-e 19.

4 .4 R a i n

Rain can affect the OCV i n  two ways; (1) the raindrops

passing through the measurement volume generate a signal and ,

(2) water on the lens and mirror degrades the performance of the
optical system . Water cannot enter the body of the sensor

since it is sealed with “0” rin gs to make it waterproof and

oressure proof.

When a rain-dror - passes through the measuring region , it

mi ll actually enhance the signal and , as long as the raindrop

4
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travels with the free s t - I - t im: .  a i r ’~’ 1 — w , w i l l  gj  - J r -  a f r - u - c  r’ -udhig

of a i r f l o w .  Er ’ror s may be in t r od u  r f the aim-IC - i~s u c c o  l c r a t —

ing l o c a l l y ,  for  then a i-u i i :ircp r-: ill lag beh i Ol rh - - a rSC ow. in

these  cases , t h e  D i t  w i l l  r’errd clos -r- I i  tb Fr’e-e s~ r -:i!::  a i  m’ ; ; c-ed

t h a n  to  the l o c a l l y  d i s t u r b e - i  a i r f l o w .

A more sever -c  p rob lem can occu r  if  r-; -r ter  droplets b -u i Id or

-sri the lens or mirror of the () C\ T ~ ThIs  s i t u a t i on  w i l l  cau s e  som e-

d e g r a d a t i o n  of si’-’n nu l , but worse , if the d rop le t s  cia-c f l o w i n g ,

t hey  can i n t r o d u c e  a s p u r i o u s  l o w — f r e q u e n c y  s i g n a l .  H ow e v e r ,
s i nce  the lens and mi r ro r  are f l u s h — m o u n t e d  in  t h e i r -  sun  n o o n s ,
d r op l e t s  w i l l  only impact  them under  c o n d i t i o n s  of s i d e s l ip  (o r
ang le  of a t t a c k , depending upon wh ich  way the  i n s t r u m c - nt  is
mounte d). The droplets on the surfaces move at suhstan 4 ially

slo -,-cei- v e l o cI t i e s  than those in t he  f ree  s t ream . It has -t en
shown e a r li er -  t h a t the s ignal  p rocessor  t e n d s  to  f C l t - - r  out  i n

frer:i-:-ncies and lock onto the high fr e au e n cie s  c au s e d  by t he
c i i i  nclrops in the f l o w .  T h er e f o r e , we e xoe c t  t h a t  the cy s t

w i l l  f l O f .  “see ” the raindrops on the on ’ical sur -Cr-i -- ce .  Whe the r

or not this is t h e  case will have to he determined exp~ rirrentafl’ .

A c o n t i n u o u s  f i l m  of w a t er  over t he  c o l l i m a t i ng  ler~s or m i r r o r

can af ’ :Ccct t he  o p t i c a l  p r o p er - t i e s  of the  system if the f i lm

uniform . The w a t er  may introduce asticmatis- i - or defocuss Ing of

the  r ’ad ia t ior -~. H oweve r , it is l i k e l y ,  in p r ’ a c t l o  e , tha t  the air—

stream w ill prevent a sigriifc cant layer of w a t e r  I a i ld i ng  u r .

4 .5 Sa l t Fo g

Salt  fog p r e s e n t s  a p rob l em because  of i t s  c o r r o s iv e  - c u c i l i t y .

Th h; can be overcome as fa r  as the  body of the  sc i sso r  ~s c oncer mn c- d

by m a k i n g  it out  of alursi nu rrr and h a r d _ a n o d i c i n l T  it . l i - c  lens 15

i-ro de of n-lass  or rd , t h e r e f o r e , i-r i I i not  c o rr o d e .  The a ir r o r ,

h - a-v r’, is -r oa i--d w i i h  m ium i n :rmn , .-d ch is su:ccr r-~~lcle to c- c—

ros~~- cn .  The a l u m i n u m  i s  c o a t e d  w i t h  a l a y e r  of si lic on mno n-.c-O c-

wh ic h renders ~t more  d u r a b l e ;  however , i.t ~s not  ye t  c-~- r’f -r im

t h a t  t h i s  c o a t in g  i s  s u f f i c i e n t  to  p r - e v e n t  sa li  f-c o c o r r c - s l c m - .
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If further protect -ian is desired , rhi-dium , which is completely

impervious to corrosion , c a r .  be used instead of aluminum to
fo rm the mirror ’ c o a t i n g .

4.6 Dust

Dust cannot enter the sensor because the sensor is sealed;

it can only se t t le  on the  op t ica l  su r f aces  and reduce the signal
s t r e n g t h .  However , th i s  does not  degrade the accuracy of the
i n s t r u m e n t  s ince  a c c u r a c y  is de te rmin ed by the frequency of tire

signal and not by its amplitude. The instrument will ~perate -

even with significant cont s:rinati -cn of its surfaces. A 14Cf coverage
of both o rt i c a l  su r faces  w i l l  d y e  a 9 dP- i ’e o o c L i c n  in s ign a l .

Again , as with r a i n dr o p s , dus t  a t h e  -i ir-stream improves the

sic— .nal r a t h e r  than h e m - a - i l a -  I t  , Lemi lse the li s t  P i l n !e nt  tracks

the dust particles in s t - a c .i of  ~h e h e a t -~r ~- rn ~ 

4 .7 Humidity

H u m i d i t y  does not  a f f e c t  t h e  i n s i d e  of t he  sensor  b e c au s e
it is sealed. However , if high h u m i d I t y  causes  c o n d e n s a t i o n
on the lens or mirror , the performance of the sensor will be
impaired. This would probably not be a problem if it. occurred

in flight , since the  s l ips t ream would blow the  c- .-n - l e m s s a ~ ion ova:? ;

but , it could  be a problem when the sensor is stationary on the
ground. However , as we shall  d i s cus s  s h o r t l y ,  the  c e n s or  head

S has to be heated for delcing purposes and this same h e a t - c m ’  can

be used to remove condensation .

4.8 Fungus

Fungus can grow on any organic materIal such as pa int - . If
the aluminum b ody of the sensor is anodize d , howeve r , and not

c
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painted , fungus will not grow . If paint must be used , then a

fungici de can he Incorporated to prevent fungus growth.

4 . 9  Hi g h Tem perature (71°C Maximum)

Although high temperature s can cause failure of electronic

comp onents and degradation of rubber and plastic components , com-
ponent s are read ily available which can withstand these tempera-
tures. Generally, CMOS circuits in plastic packages will with-

stand 85°c and those in ceramic hermetic packages will withstand
125°C. The LED must generally be derated to withstand 71°C for

a long period . A maximum current of 75 ma is fairly typical .
The photod iode is specified for a maximum temperature of 80°c.

The other optical components can also handle 71°C with no diffi—

culty.

4 . 1 0  Low Tempera tu re  ( - 5 5 ° C  Min imum)

Low temperatures can also generate problems , primarily from
differential expansion ; In addition , components can become
brittle. Therefore, it is most important to use electronic

components  h a v i n g  the correct  temperature range specification .

keguls.r CMOS circuits in plastic packages operate over a tempera-

ture range of —40°C to +85°C. However , circuits in ceramic

hermetic packages  wil l  operate over a temperature range of —55°C
to +125°C , and should be used when temperatures below —140°C

are ant icipated . Of the LEDs discussed , only the SSL 55c is

specified for use down to —65°C. The other LEDs can only be

used c low n  to  — 2 10 ° C .  Pho tod iodes  are also avai lable  w h i c h  can

operate down to — 5 5 ° C , although their sensitivity is somewhat

reduced  at .  this temperature.
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4.11 Electromagnetic Interference (EMI)

Electromagnet ic interference may produce spurious signals

which can give an erroneous reading . The correlation di sc-r i ml mo-

tor , wh ich contains an integrator , is riot sensitive to one—t ime

sw itching transients or pulses. However , it w ill be sens i t ive to
continuous signals in the range of 1 to 100 kHz. The photodiode

used a nc  a r a d i a t i o n  de t ec t-o r  is ve ry  s e n s i t i v e  to e l e c tr o r r c n gr ie t i c

inter ference , as has teen found with fiber optic systems. In

fa ct , the pl~otodi n-ic is s e n s i ti v e  to  an in d u c e d  current of  only

2 r~an-n-cimn ,pc-- . F u r t h e r , s i nce  it is a d iode , it w i l l  r e c t i f y  radio
f r e o u e r c c v  t r a n s m i s sio n s  and ur -e semr t- the 0051 o c -on.~ onc-nr to the

amplifiers. Accordingly , it. is v--~r-y i am - st ant - tb -at t he o-hoto—

diode be well shielded fromni all elec~-r-o-n a 1ric- t i c fields.

This shielding is accom~ 1ished by the aluminum hous ing of
the sensor which is electr ically connected to  the same ground

as the photod iode and preamplIfier. P r e c a u t i o n s  must be taken

when the aluminum is anodized since this makes the surface in-

sulating and can prevent electrical connection between parts of

the housing . The only unshielded area around the photod i-- rE~ is
the glass lens , which is inherently an insulator’. However , this

lens is 3—1/2 inche s away from the pho tod iode  and the  a b s e n c e
of sh ie ld ing  may not be impor tan t . If tests  should prove other—
wise , the  lens can be coated with a transparent electrode , such
as tin oxide , that can be connected to the case. The photodi cd0

would then be completely shielded.

Care must be taken in grounding the sensor case. If the

power supply is not grounded (floating ) then the case n ay  be
connected to the airframe . However , if the powe r supp ly is
grounded , then the sensor must be insulated from the airframe .
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Or hn -c’nise , it  the  S y n t  - -rn m s  g r o u c : I c - d in t i-r o p laces , a ;-~rourid—

in -o p is developed aid toe syst - -ni become s extremely sensitive

t o  e l e c t  ro”agrme t . ic i n t e r  ‘ n ’ - i ” - n r c - ~-

The pow e r so ly 1 l ice r- -ry be another cause of t r o u b l e s o m e
i n n  crC-c  i - c i r c e .  Any ripole ho’i’ -~ is ampl it ’ied  by the  p h o ti l  ode
pre ainp i I f b i- . Iii-.: Lest wtc~

,- of e l i mi n a t i n g  t h i s  e f fc - c t  is by
incorporating a t h r e e — t e r m i n a l power  supply regulator for the

se n s o r - . This has  been very  sue-: e s sf ul  in e l i m i n a t i n g  60 Hz and
1400 is: r i pr i e  f rom the  s y s t e m .

The OCV shou ld  be q u a l i f i e d  in accordance  w i t h  MIL—STD— 4 6 1A ,
C lass ID.

4 . 1 2  D e i c i n g  and A n t i - i c i n g

It is essent ial that the OCV sensor operate In all weat her
c o n dit i o n s , I f l C i u n h i m r c - f r e e z i n g  rain and c r y s t a l l i z i n g  ice .  The
sensor oust be capable of both removing ice which has built up

on i t  while the aircraft was parked (deicing ) and preventing ice

buildup in flu --Pt (anti—icing). 4 typical speciflcation calls

f o r  t he  i n s t r u m en t  to  be set up in an ic ing wind t u n n e l  at an
in dic ated airspeed of 350 ke ±25 and a temperature of —30°C ±5.

Wate r  d r o p l e t s  ar e  sprayed in to  the  a i r f l o w  at a d e n s i t y  of 1.25
-r a ms  ±0.25 per cubic meter . Ice is al lowed to  b u i l d  up on the
ins b r cncn ~~; the heater is therm turned on and must remove the

a c cu m u l a t e d  ice w i t h i n  1—1/2 m i n u t e s  and keep the  i n s t r u m e n t

• fi n e of i ce .

t h e  DCV is p robab ly  much less s e n s i t i v e  to  i c ing  than the
Pitot—static tube since it does not have small holes which can

clog w it h i ce .  However , a buildup of 1/14—in. of ice around the
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sensor -ri?! - n - no se a c h a s — - -  i c r  t h e  ae r- c t/c on:cc f ’h— n- -h I ri t~~rr

can s:i-se an cc-rauc ous c -- a ci n g . A e - ’ :- ; - ii c - ly, SoniC b - d c  ng n c - n

a r c S  i — i c i r n -’ n cr e c a u c io n s  n - r us t  be S - i L - - r n .

He-a t must ho arplied to the sen so r  head to raise it- s surface
about 0°C i c c  a 350 kt ai r’stream at a temperatur e of —30°C. Ho;-;—

eve r ’ , n - t  all exposed soc- faces recpr J I t :  heat- inc’ ; c-he w a t e r ’  or - n —
lets cr111 ‘send to intact on the leadi no :crf’sces and not C O  toe

t r a  iling srrfiic es. A tytical leaIlrc g edge requic-~s a heat dens

of 20 wat ts/sq in. and the ar-ca b-~hin-i creeds only 10 w a tt s / s o  i n .
while the tr—n i i i n g  edge requ ire: n o n e .  Tb --c t ip  of a P I t  b- t sb- -c
x’ ecnuires only 140 watts/s-s in. in the present des ic -”n , t he  DCI’ ha :
a rec tangular flow tube 3 x 2 ‘n 3.5 oclies long . - s o o n  -se
cha r- it is sufficient to beat t b - n  front 1 -n o f ’  this S~~r c- cr: ti.

a power  d e n s i t y  c-f 15 w a t t s / s q  cc . The rcn- ;a in i~- r of tb -c t o t  -
~~ an d

o p t i c a l  s u r f a c es  would  be hea ted  by c o n d u ct i o n , and in i c i l i l t I o n ,
very  l i t t l e  ice woul -e to r i  ld uo on them . Thus , for th-~ 19 s-c~ inn .
of expose-i surface , 285 watts of heat irig pow er  w ou l d  be r -c- - su ir ’ed .
A s k e t c h  of the  - c e i c i n g  hea te r ’  is shown in i-I g-uc e 2 0 .

T h i n s  28 5 w a t t  n e a t e r ’  should b-c run ff ’ 28V cc sinc e a 11511/

~00 Hz supply would gen erate a grc-rcc t cr-cal of electr c-ncaonner ic

nterfer-ence which wi-old he detected by the photodi c-do .

If’ the heater  i s  t n i r ’ n tc d c--n when there is no airflow to cool

it , it w i l l  become very hot . Hcn ,’:ever , there are no heat s-ens~i—

tive components in that p-art of the sensor (the e l e c tr o n i c s  are
loca ted  f a r t h e r  down in its body). The m i r r o r , lens , arc-i a l un i c i —

moo: body can a l l  c- - i  t h s t a nd  tempera  t i r e s  of s e v e r a l  h u n d r e d  b - c o r e - c s .

The moist sens tive i t~~r-c 13 the ??p rino used to  seal t h e  leans

i n t - o t h e  body; hownc-ver , t he re  are o ther  c - c a l  s ava i l-ab l e  w h i c h  can
w ithstand t:huse conditions.
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4.13 Installation and Operation on an Aircraft

4.13.1 Power supply requirements

The CCV has i t s  own power supply  in order  t o  m i r i : ’ i z e  e l e c t ro -
ma gnet ic interference effects and , t hus , t he  ch :n c e of aircra ft

supp ly  can be cu i t e  f l e x i b l e .  The DCV i t s e l f  o p e r a tes  a - i n  10 t o

15 volt s do; its power supply can he designed to operate fr - e r r .

either 28V dc or ll5V ac. The deicing heater must cn - - :-c’ut e f n - -~-n

28V dc , however’ , or t he  e l e c t r o m a g n e t i c  interference ill ‘cc
excess ive. Operation from a 28V dc supply is easier’ ann — i sins.pl er

since no transformer , rect i f ier , or smooth ing i-c ro-cruired.

4 .13 .2 Ph y s i ca l  l oca t i on  on a i r c r a f t

I d e a l l y ,  the  DCV should be mounted  at some p o s i t i o n  on the
a i r c r a f t  w h e r e  the  a i r f l o w  is u n d i s t u r b e d . U n f or t u n a t e l y ,  s u c h

a p o s i t i o n  does rio t ex i s t  on an a i r c r a f t . It is fair] :-c easy  t o

mount t he  sensor head out side t h e  a i r c r a f t ’ s bounda ry  layer  ‘rhicis

is only  a f r a c t i o n  of an in ch  t h i c k  at the f ron t . However , it

is v i r t u a l l y  imposs ib le  to  mount the  sensor cut- si-ic the potential

flow disturbance around the aircraft . This disturbance is pr -c --

duced by the air flowing around the aircraft and is typ ic-ally

10 to  20 % of the  f r ee  s t ream v e l o c i t y .  T h i s  disturbance is a

f u n c t i o n  of p o s i t i o n  on the  a i r c r a f t , M ach n u m b e r , ang le  of

a t t a c k , and s id e sl ip .  P i to t  tubes  are u s u a l l y  mounted  on the

fuse lage  near the  nose , wh ich  makes the  p res su re  l ines  t o  the
air  data compu te r  short . The DCV could be m o u n t e d  on t h e  w i n o s
where the flow is relatively unaffected by s id e s li p  b u t  t h e r e
it  would be a f f e c t e d  by angle of a t t a c k , f l a p s  inboard , and

ailerons outboard.

In pract ice , the airspeed system of an aircr-c~~
4 ins “cal l--

— brated .” That is , its dependence on Mach number , rn nc-’le of at’ acb ,
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s iu n o l i p ,  arid ex t - n - r a i l con l ”ur’a tion I,; dc~ - ‘-: n i e U  ~- n- .~ - l r - i c a l l y

an t i c :  s i n f o r - r - n a t i o c  i s  s t o w - - i  i n :  an air - data s t e r.  On c e
fl I g h i  , all of n he u r s~~s- -i n n n ’ - : c s c r - o m e n n i . s or ’ - - c orc— e- c: t i- i  for

r-he s€ - fr: :ocua- , it d iffic ult t o  see b- - c . - c h i n  C O t  be -  u v o i s e - o

w i t h  c h-: -ISV u n l es s  it i s  -s c n n c t e u  w i l l  n o-roy t’ r - ocr ,  tie a i t - c r a f t .

I t  s im p o c e  ant tha t. the a inflow a r - c u r - c l  the ra f- ion ,- ni -:r ° t h e

i s  ic c- t in ted  be c- ep -r -o duc  it le. The I1CV should  no t  be ns .o~- an t e i

c lose  S c -  flap: , u n n i-~n - :  c r i -r i ag e  oonr _ r o t  or fa ce  c- , or ens -it!-: 5

Pr - n - nsc of t:~ aircraft or  the top of t s  cal .  I r—n ou I be c - sod
pos i t  ices- at  W I l l  :nh to sn oo r nn  the t C V .  However , ce o-l i n~’ f r-on b- -s-tb -

of ’ t u e s e -  p o s i t i o ns  c-oil? have to bt - co r rec t ed  for airfP-’ar- e -ii:- —

t u r b a nc e  e f fec t : .

4.13.3 Output data format

There are ti host of di ft-c-rent f’orr.:-ut ns by ‘,‘-;hich di Tita l

s tr ’ r : rn en t s  can c ommun~~ca te  with one a n o t h e r .  They -~aneral1y use

a crc Ic c a l l ed  B i n - c r y Coded ile ctral (BCD) ~n ;-,- hich the- roost ers 0

to  9 are r e p r e s e n t e d  by a b i n a r y  code of 14 b i t s .  T h u s , an o c ~~put
a f ’  14 d i  ~~t s  w o u l d  he r e p r e s e n t e d  f y  iC b I t s  in 14 g roups  cf  14 .
The -se h i t s  n -n o v be in p ar-cc - l i e- i  ( t h  s r e o n i r e s  at least  16 w i r e s )

or in series  (on one w i r e ) .  A l t h o u gh T~
’rn -c - l a t t e r  i n  c en n e r a l l

p r ’n - f e - r r e d  b e - c a u s e  It ne ds l e ss  ‘- 1mg , It is much  score cr r ~c ii —

ca Sed. The b e g i n c r  i n - - - and en-nd of the s e n - i - c s of f I t s  have tc- be

ident ified , the tran smitter and receiver synchr-orn ’sed , an -rd the

t r a n r r r n i r n ::- ’ on r a t e -  st a n da r d i z e d .

::T i— .ST :—l553A lays do-rn a format for such a system- . In
t o n , A PIN C has two :sScu .lards Cc- c nate . transmission. It is ,

hove-ye-c, a f a i r l y  in v o l v e d  p r o c e ss  to  t r a n s l at e the  d ic it a l  da ta

i n t o  the rca hr -c  -I f-or~ ~ t and c-c - -nc 1 I a d - I  su b s t a n t .  icilly to t he- cost

of t h e  D CV .

I
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In o r d e r  t o  : ‘ ‘: ‘ nn z - n n ; y : ’ t - :- “ i o x ’ l  ‘ I c y  lPd.’ ~ :‘ tr e- :-
van ’ our - s t a n d , n -- i . - , I’ 0-0 :1. c-  :1 La ’ riO (eta t - 1 ’  t he  ~n
be t b - ’-- ‘-- ‘ - ‘(1 o u t p - t , . ,  w h i c h  i -  ci s - - c u r - - c- -n c- c w i t h  “c - - -:ue r .c ’ : lr-- :c’t];

oror - i - m d to a ’ : - s n :  c - i .  T h i n  : 1 - - i c - n - n ,’ car be a c-ui ~~ - - ‘ s-c a
c cc- -c h r  I ci i o n  - I :iy o r or : a - dat  a c os-n .c S - - . V I I  b c ”  - - I coo in: - a s’ -

most c cn: c:n -oc iy . , n- - I  r n - i , a’ n ’ e f e n ” — , a s - s n a r e  woo ; i :ec : - - - er n  ) a o l
+ 5V s a nss  a p r : ’ p T’  ac~ . -

4.14 Conclusions

The re a n t s  :r-c ~ -cn’-cin - snr ’erc ta l r e c ’c l i t  i C i S w - J sr w i c h  to - : d I v
can no- c. operate. Ti~-: c - c - n c - c r  cho ic e of c u:fc c nent ns win pro tect

:i~-ai n r c  t r - n - p c c - : - : t un’ c- ex t r es ,  ens  m d  c o r r - c n s i o c s . L o s t  SI - S o s  t, -0- c a r e—

sen :t  a o r o b l e m  or - l ess  a v -c-c -c heavy ho i I - l a p  o c c o m o s , -in ::: i c h  c ase

the D C -  ca t  be cleaned. P1s t :  p r o b l e m  of e i e c t r ’onnacs : s et  I is t O t  or- —

ference is solved ry sh i - :- J - : i i n th e  sensor , r eov i d in g  i. t w ith it s

n c - -c s stohil iced power ocn J ply, ar-i  c o o n s - d i n g  It c-roperi: - D el  -~~~l15O

ar-i ant  I — i-s n r c  ar-c ac cc :crr l~ s h e — I  b y  in st w i n Inc a treat or on the

serison head .  The CCV is not as c~-~~n itlve to 1 -sinc as a P 1  t o t -

tube is , since it cr-cr n opei ’c t e t~c tin rn -c-n r c bui ldup on it  . V it c c a c  - -
-

a c ou sc i  -oi l n o i se , as-:: ra in  :-ir-o nn o t  e x p- - - c t o c i  t o  pr escc-~ arc :.’
problems , although t e s t s  s-hc-ui cn b -c— p e r t  arme d t o  ‘,‘- : r - i f ~’ a h l s .

The CCV opera tes  bes t  fr-on a 281’ ic a i r c r a f t  power s o n - p l y ,

a l though  a l l5~I 100 N rc su p p l y  - tb - a caric ero en’ soul- i alco be used.

T i n e  0-7 ’-! is best n ou r ~ted  on t h e  cc i r’cror aSs -c-c ~ a 1 1 5: -ne -n - :-
i l  al-c.’civs be fl~-w ‘r i s t u rh a n c e s  c -o a e r at e d  N v  r b - s  ulr - -c- n a t  f o r

c-T hi r s t t h e  011 ro ost  be c-oi -r-ec-te n . The no-c r-c flex ~hie I or.

format is t he  ICC o u t p u t  c- ,-h .i :n h I s a aqua. : -ro ve -c- f a fr ~~r p n e n s c l -

ci r ’omtly rc- -cr mo acstional to t r u e  aic’spe - -I.

* 
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SECTION V

TEST ING AND EVALUATION OF THE OCV

5.1 Wind Tunnel Testin g

The OCV P ro to type  1-11571 was s-s t u~ - in the  BBN f rc  - let wind

t u n n e l .  Th i s  t unn e r  I i ’ ~ a w o m ’ k i n g  sect I r otc  14 f t  i n ,  d i a m e t e r

arid is capable  of opera t ing  over a speed range of’ 30 to 300

ft/sec. It Is powered by a cOO-- do diesel t-cig ine . The t unne l

speed is measured by a transducer’ which measures the difference

in static pc--nssure across the tunnel nozzle. The signal is

lirco-arised , coinpenc-ated for ambIent temperature (but not barometrIc

icressoo-e ), ccc i d i sp l ayed  on a - i l c i t a l  p -m e l  me t e r .  The ca l i b r a t i o n
of the speed indicator is shown in Fl a - re 21. T i - -  - c a l i b r a t i o n  ‘ -ran
pert onr ed s s:ainst a water manometer at a temperature of 80°F. The
spec-i i m n d i s a t u r  read correctly at 25 mph but underindicated by

2 n:n b h at 50 ro n - b .

5.1.1 Heater output

The I’CV heat--sr cas designed to give a 2 5— w a t t  ou t p u t  in a
mode ra t e  a i r f l o w  and ye t  l i m i t  the heater wire temperature to

800 °F when t he re was no cool ing  a i r f l ow . A c c o r d i n g l y ,  the hea te r
p owe r ou tpu t  was measured as a f u n c t i o n  of a i rspeed and the

r € - s u l t s  are sown in Figure 22 .  The output  was -cu- r h less ~I a n

ext  ec ted , r eac lc tng  6 . 5  w a t t s  at- 120 mp h .  I t  Is t hough t  t ha t  the

reason for the low power ou tpu t  is that  a c - 1 ‘,-; -c- u r :-i  on an in—
sulating rod cannot dissipate h o o t S as e f f I c I e n t l y  as a con tInuous ly
co at -c- i  rod. A. c r o n t i c c u . o u s  p l a t i n u m  f i l m  ins tead  of a wound c-:ire
sh o u l d  be con oic i er e - i  as an a l t e r n a t i v e  in fabricatino the heater.

B e c o t o s e  of the low heat  o u t - n u t , t he  Cl-Cl could not be operated
at high speeds . In  fact , satisfactory operat i on could not be

ob t a i r , r’cl above a speed of’ o:p-r-ox im atol y 55 kts.
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5.1.2 Flow tube configuration

Three s - o i l !  purat - r n n - $ of the OCV r - r - : r - ;  tested in Li ’. ,- ‘ 
- r d  t a r -n i - i .

T i n t s  t i c - n t  oP  th o s e  roa rs tin e “flow t al c- c- ’’ c o nf i u r -a t  ion in v n n n i c k :  t m i - ~
ane ot r s a r - i r -  - re - ‘ --n was cn n -ro unded by r-,oo~ ann r ular b - ct - c 2 x cr~~~. 1/?

i n .  i w a g .  l i r e  ~ r i ds  of the  t u b e  co erro s be’iolc- -n to i n n ; - m o o - ’-’s- f l u - -,

crni1-ict , :n i n t i c n .  fo e  p er f o r m a n c e  of ’ the O-I v as a functi o r  of it ~
u n c l e  of a t t a co  ( a )  an n  sid e s l i p  (~ ) were invest 

i:- - ted. There t w c~
— 

n~~O ’ j~~ -5 are i n n t e i - n h - - in m ” -c-a l le , b u t  n - ’ ’ - - - a r b i t r a r i l y  - fe - si I t o  ir f I r e

t h e  c t  i c a t  a x i s  v e r t I c a l l y .  S i d e sl ip  t h e n  c-orr’orporrdoci to

rotation about the -opt ical ax n s.

The cc-sui t  can ce seen I n n  F ’  iT orco 23 - macc 2 14 . f-or ’ - r creasc- rm

In re osdi r c -n are seers  fo r  n -c r - d i e s  of a t t a cu  Ir ea t er t i-us r~ 4 10 0 ;

rn - a n c r n ds could t r o t  be obt a in -a d at iaep,e nccCotive arn~ ics of a t t a s~
and h i q i n  speeds because  of the  h iy h  turbul c-rra- o levelsm resuf’- lag

from separation in the flow tube - . Tine resnc- -onse to sf da-S .ip in
: Iuro 23 is’ c l o c o e c  n o (son 3~ -,-r ’ h ~ an o l ’” ’ - -t of’ ~i-o ut 3° .

5 . 1 . 3  Op en ca g e c o n f i g urat i on

In t h i s  c o n n ’~~c n n r - s c t i o n , the  m i rr o r  grat  i n i - m  050:5 s-c nor ’ c-I on

fr - or s lender  pos t s , l eav ing  the  rseasur - i mcn c regi s-n as oPen as

c-o s s ih i e .  The n e r f o r m a n c e  as a f u n c t i o n  of -ann ie  of’  a t t a c k  (~ )
and s id e sl i p  ( 8 )  are shown in F i - - - s t r ’ ’~ 25 r i nd 20 . The C,C, r - -~ ’. n i n a

dropp ed about  78 for’ an an.oie of a t t a c k  of ± 100 and c-c -a s t b - e n s
f :n i n y  c o n s tan t  for’ h i c - h e m o  angles. The reap--sane to  si - l en in cans
a p p r o x i m a t e l y  p r o p o r t i o n a l  to cos ~~~, e x c er - t  at h i c h  p osItiv e

angles where the fIscrepancy cannot be ex p - 7 -s lr - -- i.
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5.1.4 Open cage configuration (flush mounted)

t ex t  , we w on ted  to d e t e r m i n e  the effects of charrgir i d t h e

c: . - 1 n i t - i rc f  of t i r e  CCV . P r e v i o u s l y  it had been supported hare in
the t u nnel .  Now it was mounted in a manner w h i c h  would s imula te
the a c t u a l  mu un t ir i g  on an a i r - c r a f t . It was mounted flush on a

s - lu l l ’s pla te (18 x 18 i n . )  which  s imula ted  the a i r cr a f t  sk in .
Crly the cage and measurircp volume prot r crIed cch o v~ the skin; the

n n c a J : i  body of the sensor was recessed below it. The response to

angle of attack (a) and sideslip (8) are sliowin in - - nu n -e s  27 ar id 28 .
15ca-cings could r~oc be t : kc -u  nit a p o s i t  lye a n n e  of attack because

the- f l-s w s o p a r - a t e d  f m -o n - n  t h e  sharp leading od gi -  of the 18—in.

se l cna r-e f la t  p l a t e .  T I n i  a p rodu c ed  a h ~at - ly  t u r b u len t , u n s t e a d y
f lo w in t h e  measur i rw -  re -~i -cc r r . At  n e g a t i v e  an g l e s  of a t t ack , the
ch ange in r e o p c r c s e  -was o r r - p r r o x i n n n t e l -~ proportional to sine a. The
ar t: hr of a i d - -s l i p  resp on se u~as e x t r - r o n l y  good wi th  errors of less
c h o t n c  14~ at 20 0 

~- f ; i  oh - n t  l i p .

5.1.5 Conclusions

The re’-po rc ns c- of the -~CiV to angle of a t t ack  and sicPi-sl ip i s
v~~r- y s t r o ng l y  iei  on c ien t  upon the way in which  the  sensor  head is
mounted. At no r - e s r o n t , it appears that a confipur :ntion -with the
s~-oas or head f l u s h  m ou n t e d  on the  a i r c r a f t  s k i  ii n i vr - s  - he test

per fo rmance
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S E C T I O b  V I

R E C O M M E N D A T I O N S  FOR FURTHER WORK

This program f o r ’  t i n s  da - ve l o p m e nt  of t i r e  O pt i c a l  C o n v o l u t io n
A i r ’s- p eed m d ’  or- i s  nor- , c it  t he  s tage  w i - - r e  t he  pr r o t o t o ’ r- e un5 t
works  wel l  i n  t he  ,clni tunnel. The n e x t  stace in t ic ’s o i e v e l o j c r o :n t
p r o n srar:1 ,‘h l l  be to  -d emons tr a t e  the  opera t ion  o f ’  the  i n s t r u m e n t

under r e a l i s t ic  o n v r r o n m e n t a l  c otnii t i -- n s . Thins  w i l l  m’ -~q u i r e

en —,’ h ’ c n c c : - o n n t a i  t e s t  1 n n n  of the  u n i t  f ’ t emper - :-n t u r e , ‘-n i b - c - c t  ion ,
sho - - : , low rr ’c-ssur ’ e , h u m i d i t y ,  St ’cl t  f og ,  arnd electrormn a~ r:otic

i n t e r f e r e n c e .

It w i l l  also be necessary to provide the- ur~it c-cith t ic ’:-
- c a p a b i l i t y  of ’  o r o e r a t i n o  under  1-a m p’ c o n d i t i o n s . To do t h i n , a

d e i c i r n e -/ a n t  1 — 1 : - I n c  h ea t e r  must  be des ’ -ned , developed and

t e s t e d , follc-sinc the  r e c o m m e n d a t i o n s  made in °ec~~~~tn ~ ~~~~~ ~
- t - f  

~

report

The aerodynamic  p e r fo rmance  of the CCV under  angle  of a t t a c k

and s i s e s l in c  s t i l l  leaves s o m e t h i n -  to be d e s i r e d .  1nrnrovnc nnor n t~
sucn h as a cyl i - n n i c a i  f l o w  tub e I n n a o e a d  of a r ec t an c -~u lar  one

should be c o n s i d e r e d .

When these  f-cuban -es have been incorporated ins the CCV design ,

i t  can be t h o rou gh l y  t e s t e d  and qu a s I f I - c - i  for  f li  - -b - sr . Then t he

u n i t  can be m o u n t e d  on an aircraft ann extensively evaluate-i over

a long per T - s - -i of ti. 

I
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S E t h  . 1 1

L D ”~CL~~ I ‘n

A m3~ : C f l l n - i  - J -  i’~ • I n ,  A n - c - - If I n d i c a tor
has t een noci I t  a t :  a corns lor e :cyntenr n . A
su t s t a n . t i  m l  1 : ;  : -  j ,  — - u: I’a t 10 00 b eer :  effec-
ted L -y - c : - -- s!n ~~ c , -.~Lhnb - in  w e l l  m a t c h e d
ic c  t b - - :  g : -sr ,  — ‘ - g t i c  - c  1 - e rnst ,- ,,- ba r -  s i g n a l
p r c - c c s s i n : , c  tb - ri ’ Is s : ‘t . I’r’~:d - - n , c o - - f ’  a sipnal

bu n - le d i n .  no -- iso n a.c ~~. - - I n’ sc~~1t has grea t ly  enhanced
the  pen  °- ‘ n - n o - : - ce ob ‘ r - : i t  a~~: - -

- -

The e n v i r o n m ent  al - c c- n n - c s  cr m r  wcni ch t no - :  C- -2 ~J -:111 have t o
m 0 p m : L ’S t C  t : -iv o b e ,  n.  con i sj - Je i ’ t: - f a r , . n no s i - t i c u l a r  rr -  S e - m r s have b - o cr
b oon: -  I .  Approp r i at e  c oo n - - O t i ~ 15ts nca,,:t t- -0 selected to operate over-

r i ce  t’cmp eratnnn ’e IonIc re -l ui red cii the right, materials oust be

sir - sen to avoid cor’r’c-: I - s t . The sensor h e a d  sh o ul d  be — she water-
proof and p1 ’esm ,c -~n o  p roo f .  The d e t e c to r  mus t  be well  sh ie lded
against ENI, and the power supply must  be sell r ’e g o ± a ’c e d .

A r edes lgn~ d sensor has bee n bu i l t  ( comple te  w1 tic s u tp u t
- c i s p l a y )  o n -i tested in a wind tunnel. The per forn ;rnnca as a

fu n c t i o n  on ’ an g l e  o n ’ a t t a c k  and s I i - - n l i p  :, - n  in v es Y  - - -

stout 1 1  van -Tat Ions t ie r - c  c’s un d ci :- a r ’e o — u l t  of ci cinc-o s In a i r - n i - s n - c

-‘j r -ocr :  he  sellS: n .  F u r t h e r  a e r o d y n - c r : n i c I n - ; ~ st gab ~ ram should
‘ be uni-h:n’ tnmkro n to  n r l n  T:.ize these var TatI ons

I
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1 ,  T u n ~~s t e n  Filament Lamps

I n ,  t ir e C mI’ I I c r ’  at c i c y ,  o n l y  I i g i r t  c r r n i t t  ~rr 1’ d i -  10:5  (bEDs )

a - - n ’ ~ - co n s l i - c r - e d  n c ’ -  r - r-_h ,’at_ T o r i  :soor’c-oo bc r- t i n t -  15Sf . Ir rf ’ r’or’enc

c-s c’e Four: -i to I I’ t~ r o nnrc n ,n. eft’I g e-nt n-r i. t i sorrnc- I r , ~~: -:n- - , r , c1 ve
d n - V t C C S  - oii l. i log 5 ma- - ,t t  o f ’  i’  L o t i o n  s - i ’  n f r i v m n o -~ a , r m - - ot c:

100 nr c-snip at  1. 5 l t s  . llow~-c’cr’ , t h i s v o l t a g e  rr: - m t u - h e ; t - °  n — I ; , - ‘on -  -

12 volt .c fo r  - - r n a l c h  the -  Tr ,stn-u:: , - nt i - curt dos gr -c d an-c , t i r f - r ~~- c n ’ -- ,

C a : rvc ~~ti  o S  ~un gsUerr I 1- m i -  - n i t  i anp s  wol’C- c o l n s i d e m - I  d .

T h e re  care s ar:ne n o - a s i c  d i f f  r e nc e s  b - a  ;-:-: :rn t u nc t- -c rm h i l am e r . ’

-s amid  bEDs . T h e  l a t t e r  p r - e du c e  a nor - I’s a sp e ct r c n  a t - c u t  —~O so rt

w i c e , c en t e r -e d  -sic 9110 nrc sin t h e  near -  in f r a c - - I .  T u ng st e n  l o r s o  ~ s- —

d u c e  a v er y  r I d e  s p e c t r u m  from 1100 n ina co 3, 000 m mci w i t h  a peak at

a b oa  1, 000 nrc . °‘s n r t h er , t h e  l i g h t  o u t p u t  fr - c nn -a t cn c st ~-n lan - s  I s

n i - c a n - I 0’ rnino l n i r e c t i o r i n i l .  S i n c e  t i ie  cal p u t  h a s  such  a b c - s  -ad s t re c t r u m ,

Is race-i ii i  t enon  of v i s u a l  b - - - - b - t r ess or c a n d l e p o w e r ’ . T he

i-o l r i c n i s h i  b e t w e or n  c a n d l e p o w e r -  ar . d r n l i l l in - ; ’ n t t s  of 11 nt  (In wh i c i a

LEDs are rsj t e  I )  I s  a fu n c i . ~i on of t h e  color  tent  e r a t , c r -~ of t i n e  I con, :

hc- ;-;-c v rcr , t h e  nn n - ocua ’ c ct u r e r  of t f le  pt1- ~ct odie de has  qu -t e d  b o t h  sen . —

s it  i v i t - i - - s  of sit e -c- .t e r c t o r  an f’ s l l o w s :

Serisitlo I t ; . ’ = 0 . 8 r ca ‘ma tit  900 nra

= d . ~ m a / l a n - r a n  at a c o l o r  t e r : n h - er a t u r e
of ’ 2~ 50°k.

These values 1 - O t  en d TIS 5:0 sport:- n - . ol ’ the s °an-ce e m i l los- - ,1 , i oU t

t i n -  y or--- , f r  l’ac t , very c lose  t n  t h e  s~ es- i i-a of h: f rar -a- i  LEDs
arid t ur i i ” s t a m n  lor a n

‘ ) tfl~ ,r i ’ ’-c S t i r e  r-sr l nm t vc- t i n  ~~c n n ’ m ’ -~m i ! ~~ so t o  ~ x c -  -~~~- r
fr - a nn t h r e e  LEDs , f V~~~ conven t  i na - t u n g s t en  1 ’ l a r m - r . f  l ann ps  , a n .
five halo -5-c m cycle l~~m rs’ . n -Or - ’  cro nn lr - ,a r i so f l  p u r p o s e s , t h e  o u t :  ~ o f ’

t i n- l~~i~~ - r ~ I - ‘i s s u n n - ~ I to t-~ c o l l i m n c a t e d  by f/3 - t i c - s .  T h , i  r- rj : ’ J 1

7 2:
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c o L l e c t  about 3u % ot ’ the  n :- u t p u t  of the  LED and 0 . 7 %  of the  o u t p u t

he t u c gs l  c n n  I :unmp . L-’n rr i p s  ar-c av a i l a b l e  w h i c h  are no l a rge r

in s i ze  t i n o i n  the  LE1Js ( 0 . 2  i t .  i n - i rn ote r )  l,ut t he  330 lamp giv -:n

o n ly  1/3 t i i i -  m h o t o c u r r e m nt s  of t h e  LED s .

T u e  FR 16 lamp (at - i a u t o m o b i l e  sp o t l i g h t  lamp ) gives about the

same pe r fo rmance  as the  best  LED w i t h  about  the  same current  con-

sumption , b u t  i t  is larger (0. 146 i n .  d i a m e t e r ) .  The o ther

conven t iona l  lamp s l i s t ed  all have cons iderably more output , at
t he  expense  of i i i  glier power  consumpt ion , and are p robab ly  too

large to use in an nir-b or ri c OCV . However , they  migh t  prove

valuable in-n other applications .

The h a logen  c y c l e  lamps are much smaller than conventional

i-snip s , but do r tut  have any greater efficiency. In addition , the ir

I l  : e t~~me t e n ds to  be very  short  and t he  m srn ’:e lop e t e m p e r a t u r e  r-~~sche s

750 °F , p r - n s e n t i r n g  a heat  p rob l em . However , the  100—wat t  lamp is

able  to g e n e r a t e  about  100 t imes  more p h o t o c u r r e n t  than an LED.

The LED s t i l l  appears  to  be the  best  l ight  source for an
- - i r ho r n e  DCV. C o n o v e n m t i o r i a l  t u n g s t e n  lamps tend to be too b u l ky
tnc , d n slrs:-n e x c e s s i v e  cu r r en t , and the halogen cycle  lamp s have too

sh or t  a l if e  I n s T and an e x - n e s s i v e  b u l b  t ers n n e r ’at u r e .

2. Low Pressure Discharge Lamps

Other  1~~.C~t ct sources  cons ide red  were low p ressure  an-cl h i r ” h
pressure 1~~schorge lamps. Low pressure discharge l amp s are vory

compact; thm - ir - n - n - a r t s  enve lopes  ha -ne a d i a m e t e r  of 1/14 i n .  and
r nr ’0  2 1/0 i n .  l ong .  They consume up to 17 ma of current at
270 v o lt s .  T’u1e l r”p s  can be filled with Argon , Kryp ton , Neon ,
Xenon , or i-Sa- r ’s ’c ry - A r g o n  m i x t u r e s ;  d i f f e r e n t  wavelengths are
sc-anerated w i t h  t h e  different mixtures. The Nercury—Argo rn lan-np
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1 he r’n-ast off Ic i - -nt , but c’ernlcra~ c-s mo st ot ts 11 ~
-

~~~~l ~rn t j ji-

I si’ r a v i  i l et  , - - :h &-n - -c si l icon eh ut o dh: n i -- s cu’e n ’ - I a t  ~v e ly  i n n s e n s i ’  i ’J€ c .

The C~~~~~U i va l en In  pho toc  u n - n - -nt  01 t h~ n-n I a m p  a t P f/ 3  or:- ’. Is~n

- c o lL i m a t i o n  i s  only .07 when comoste ci  on the -n s m.c- basis as
Table A. 1 . :~lc~ S comm -ar- es vest’,’ poor ly  w t h  t he  J ,ED s .  In ~ n-i~li  In I on ,

- 
he source si- se is  very  lay -ge  (3/16 x 2 i n . ) , - : i n l C h  would i:ier-ease

the  s i ze  of t h e  ottical system .

- 

3. High Pressure Discharge Lamps

h igh  pr-us Sufe discharge ‘amp s are very lai r-ge and consume con-

siderable electrical power (from 75 to 2,500 watts); they are also
- very expens ive  (from $l.5k to $6k). Thus , they are unsuitable for

a mi n i a t u r e  a i rborne  D CV. However , t h e s e  lamps : do have v -cry  s m a l l
- arcs  and can be used w i t h  v e r y  Past  f/ 0 .7  c o l lim a t in g  o p ti c s .  A

- 
r e l a t i v e  p h o t o c u r r e n t  of 1, 000 can be o b t ’ i m n c -d w i t h  a 15 1— .- ;a t t

Xenon lamp .
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